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Abstract
Carbonaceous chondritic meteorites are considered some of the most primitive
surviving materials from the formation of our solar system. Thus, these objects can provide
information about planet formation through their physical properties (such as structure,
composition, and morphology) which can be characterized using microscopy and
spectroscopy techniques. In this work, the analytical methods of Raman spectroscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and
optical microscopy are applied to determine the mineralogical, topographical, and
elemental compositions of two carbonaceous chondritic fragments: Moss and Murray.
Both samples were comprised of chondrules and matrix while Moss contained chondrule
rims and Murray included olivine crystals. Minerals found in Moss were graphitic carbon,
forsterite (Mg-rich olivine), and enstatite (Mg-rich pyroxene) inside of the inclusions and
graphitic carbon, forsterite, enstatite, hematite, and magnetite in the matrix. Murray’s
inclusions contained forsterite and enstatite, its matrix was comprised of primarily
graphitic carbon, and both the inclusions and matrix included unidentified minerals. All of
the identified, aforementioned minerals have been found in other carbonaceous meteorites.
Both samples were composed of the same main elements (O, Fe, Mg, Si – over 10 wt. %)
and both also included the same secondary elements (C, S, Ni, Ca, Al, Na, Cr – less than
10 wt. %). The element percentages by weight were in good agreement with the
compositions observed in their respective meteorite classifications (CO for Moss and CM
for Murray). Analyzing the Raman spectra of graphitic carbon in both samples showed that
Moss had undergone more thermal metamorphism on its parent body than Murray which
agrees with current petrologic schemes (3.6 for Moss and 2 for Murray). The results from
this study contribute detailed information about the compositions of these chondritic
meteorites and add to the research that has already been conducted on extra-terrestrial
materials.
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1. Introduction
1.1 The Big Picture
The formation of the planets in our solar system is not fully understood and their
origin is one of the most fundamental questions being researched (Hutchison 2004;
Scott 2007; Sears 2005). Chondritic meteorites, or chondrites, are some of the most
primitive materials in our solar system (Dall’Asén et al. 2017a; Scott 2007) with formation
estimates up to ~4500 Ma (McSween et al. 2006 and references therein). In particular,
carbonaceous chondrites are some of the most pristine chondrites and are easily accessible
on Earth, so no space exploration is needed (Dodd 1981). Understanding these chondrites
can unveil information about presolar materials, processes in the solar nebula, and planet
formation (Bonal et al. 2016; Scott 2007).
Chondritic meteorites are composed of ancient inclusions (e.g. chondrules,
calcium-aluminum-rich inclusions, crystal grains, etc.) and the matrix that surrounds and
holds these inclusions together (Hutchison 2004). Studying the properties (e.g. chemical
and elemental compositions, structure, and topography) of these inclusions and
surrounding matrix can help in understanding the thermal, barometric, and temporal
conditions in which the chondrites formed and the secondary processes they encountered
on their parent bodies (Rubin 2010; Scott 2007; Wood 2005).
Several analytical techniques have been used to study these different properties in
various samples. In particular, Raman spectroscopy has been used to study the
mineralogical compositions, as well as scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDS) to study the morphological structures and elemental
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compositions, respectively, of carbonaceous chondrite fragments (Bonal et al. 2006;
Dall’Asén et al. 2017a; Metzler 2004; Quirico et al. 2005; Zolensky et al. 1997). In this
study, these techniques are used to examine the properties of two carbonaceous chondritic
meteorites, Moss and Murray. To the best of this research group’s knowledge, a relatively
small number of works have studied the compositions of these samples using the
aforementioned techniques (Bernatowicz et al. 1987; Bouvier et al. 2013; Palmer and
Lauretta 2011; Quirico et al. 2009; Yesiltas et al. 2016). The results obtained are utilized
to identify their compositions in detail and some of these findings have already been
presented (Dall’Asén et al. 2018). Possible explanations about the conditions in which
these relics were formed and how they were affected by secondary processes are also
briefly discussed.

1.2 Meteorite Samples
1.2.1 Meteorites
The solar system contains natural, interplanetary objects of varying sizes and
origins. If the approximate diameter of the entity is between 10 μm and 1 m it is termed a
meteoroid (Rubin and Grossman 2010). Occasionally. meteoroids enter the Earth’s (or any
celestial body’s) atmosphere and are heated, producing streaks of light called meteors
(Hutchison 2004). If the meteoroid survives this intense heating period and reaches the
surface, the resulting solid material is defined as a meteorite (Campbell-Brown and
Brown 2016).
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The parent bodies of meteorites consist of asteroids, planets, comets, natural
satellites, and objects from outside the solar system. Of the meteorites found on Earth, it is
estimated that 99.8% come from asteroids with the remaining 0.2% having lunar or Martian
origins (nasa.gov). There is no definitive consensus if meteorites found on Earth originated
from comets (Hutchison 2004).
The discovery of meteorites can be classified as either falls or finds. Falls are
directly observed as they travel through the atmosphere and can be recovered very quickly
after they land. Finds are not observed and are usually found long after they have landed
on the surface. In either case, meteorites can often be distinguished from terrestrial rocks
by a fusion crust – a one to three millimeter layer of material on the meteorite surface that
melted and re-solidified during its travel through the atmosphere (Hutchison 2004).

1.2.2 Classification Scheme
Meteoritic taxonomy is very complex, so the following is a simplified scheme
highlighting the classifications of the samples used in this work. Figure 1.1 displays a
classification tree based on the text by Hutchison (2004) and the paper by
Weisberg et al. (2006).
Meteorites are first categorized into three types: stony, iron, and stony-iron. Stony
meteorites are mainly composed of silicates, iron meteorites are primarily iron-nickel
metal, and stony-iron have approximately even amounts of both (Dodd 1981). The stony
meteorites are further categorized into two subtypes: chondrites and achondrites.
Chondrites contain chondrules (Section 1.2.3), originated on meteorites that were subjected
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to little or no melting, and are considered some of the most primitive materials in the solar
system. Achondrites are chemically dissimilar to chondrites, do not have chondrules, and
experienced more alteration while on their parent bodies (Hutchison 2004; Scott 2007).

Figure 1.1: Meteorite classification tree (adaptation/combination of Hutchison 2004 and Weisberg et al. 2006).

The chondrites subgroup is divided into different classes with the main ones known
as ordinary, carbonaceous, and enstatite. The ordinary chondrites get their name because
most of the falls and finds of stony meteorites are in this class. The members of this class
have very similar ratios of Mg to Si and Ca/Al/Ti to Si. When first discovered, the
carbonaceous chondrites were thought to be the only class to contain carbon. Despite what
their name seems to imply, these meteorites only contain <1 to ~6 wt. % carbon
(Scott 2007). The carbonaceous class is considered the most primitive of the classes as
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their ratio of nonvolatile elements (Fe, Si, Mg, Al, Ca, etc.) is very similar to that of the
sun (Dodd 1981). The enstatite chondrites are relatively rare and nearly all of their iron is
in the form of metal or iron sulfide. Most of the pyroxene in this group is the Mg-rich
enstatite, from which the class get its name (Norton and Chitwood 2008). A very small
number of chondrites do not meet any of the listed criteria and have too few members to
make up any new classes and thus are classified here as “other”.
Inside of the carbonaceous chondrite class, eight different groups emerge: CB, CH,
CI, CK, CM, CO, CR, and CV. The preceding “C” indicates the carbonaceous nature of
the meteorite. The second letter specifies the location where the most prominent meteorite
with similar composition originated (Weisberg et al. 2006). For example, CM chondrites
are connected in composition to the Mighei (Ukraine) meteorite and the CO chondrites are
related compositionally to the Ornans (France) meteorite. The only exception to this
two-letter system is the CH group, where the “H” stands for “high metal”
(Hutchison 2004).
The carbonaceous chondrite class also contains petrologic (some authors use the
term “petrographic”) types based on the secondary processes (aqueous alteration or thermal
metamorphism) subjected to the parent body (Bonal et al. 2006). These types are assigned
a number from 1 to 7 (Fig. 1.2) which is appended to the two-letter system used for group

Figure 1.2: Petrologic sequence for chondrites (adapted from Norton and Chitwood 2008 and McSween 2010).
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identification. Meteorites of petrologic type 3 are considered the most pristine samples as
they are the least altered relative to the other types. From types 2 to 1 the amount of aqueous
alteration increases, and thermal metamorphism increases from 4 on up (Norton and
Chitwood 2008; Weisberg et al. 2006).
Petrologic type 3 can be further split into subtypes based on another scale involving
thermal metamorphism. Petrologic subtypes are allocated decimal values (from 3.0 to 3.8)
with thermal alteration increasing from lower to higher values (Chizmadia et al. 2002).
Research indicates that the type 3 chondrites were heated to peak temperatures between
~350° and 600°C (Huss et al. 2006; Hutchison 2004; McSween, Jr. and Huss 2010;
Norton and Chitwood 2008; Scott 2007).

1.2.3 Chondritic Components
As stated in the previous section, chondrites are a specific subtype in the meteoritic
classification scheme. Other than the CI group, all of the carbonaceous chondrites contain
chondrules (Hutchison 2004). These are ovoid or spherical grains on the order of a few
millimeters or smaller in size that are typically composed of crystallized silicates
(Dodd 1981). Another type of chondritic inclusion is whole or fragmented crystals of
olivine and/or pyroxene (Hutchison 2004). Chondrules and inclusions are surrounded by
matrix, which is finely grained filler material (of approximately micron sized particles) that
holds the different chondrules and inclusions in place (Scott 2007).
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1.3 Raman Spectroscopy
1.3.1 Theory
Elastic and inelastic scattering events occur when a photon interacts with a material.
In an elastic scattering event the kinetic energy of the photon is conserved – the photon’s
kinetic energy is the same both before and after the interaction. Conversely, the kinetic
energy of the photon is not conserved in an inelastic scattering event – the photon gives up
or takes some energy from the material, so the initial and final photon energies are different
(Serway and Jewett 2009). In vibrational spectroscopy, elastic and inelastic events are
termed Rayleigh and Raman scattering, respectively.
Raman scattering involves the vibrational energy of bonds between the atoms that
make up a molecule. As a result of quantum mechanics, these vibrational energy levels can
only have discrete values and are therefore unique to each molecule. These characteristic
frequencies (corresponding to their respective energies) are sometimes referred to as
molecular “fingerprints”. The frequencies of molecular vibrations depend on the atomic
masses, molecular geometry, and the strength of the bonds connecting atoms
(Larkin 2011).
The electron cloud surrounding a molecule is the probabilistic representation of the
electrons associated with the atoms that make up the molecule. If there is a tendency for
the positive and negative charges to build up on one side or the other (due to the electron
distribution and the molecular geometry), the molecule is said to be polarized (Serway and
Jewett 2009). Raman scattering occurs due to a change in the polarization of a molecule.
When a molecule is placed in an external electric field, deformation of the surrounding
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electron cloud may occur. Greater alteration of the cloud leads to a greater intensity of the
Raman signal. If the presence of an external field does not induce a change in the electron
cloud, then the molecule is said to be Raman inactive (Larkin 2011).
In order to achieve the aforementioned scattering events, an excitation source
irradiates a sample with photons of some initial frequency 𝜈𝑖 . This excites a molecule in
the sample to some virtual energy state, below the first excited electronic state. This
unobservable virtual state decays extremely quickly and therefore does not violate the
energy-time uncertainty principle. When the excited molecule returns to a lower energy

Figure 1.3: Energy level diagram (not to scale) illustrating vibrational energy transitions of molecules in Raman
spectroscopy. The incident photon energy is represented by the arrow pointing “up”. The scattered photon energy is
represented by the arrow pointing down and has a) a lower frequency (𝜈𝑖 − 𝜈𝑠 ), b) the same frequency (𝜈𝑖 ), and
c) a higher frequency (𝜈𝑖 + 𝜈𝑠 ) compared to the incident photon.
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state it produces a photon with the same frequency 𝜈𝑖 (Rayleigh scattering), lower
frequency 𝜈𝑖 − 𝜈𝑠 (Raman Stokes scattering), or higher frequency 𝜈𝑖 + 𝜈𝑠 (Raman antiStokes scattering) as compared to the incident radiation (Fig. 1.3). At room temperature,
there is a higher probability of molecules being in the ground state than an excited state so
Stokes lines have a greater intensity than anti-Stokes lines (Ferraro et al. 2002;
Raman 1929).
A quantity related to the frequency of the scattered photons is called the
wavenumber 𝜈̃, and is defined by the equation:
𝜈̃ =

𝜈 1
=
𝑐 𝜆

(1.1)

where 𝜈 is the photon frequency, 𝜆 is the photon wavelength, and 𝑐 is the speed of light.
The essential quantity for molecular identification is the Raman shift wavenumber ∆𝜈̃,
which is given by the equation:
∆𝜈̃ = 𝜈̃𝑖 − 𝜈̃𝑠 =

1
1
−
𝜆𝑖 𝜆𝑠

(1.2)

where 𝜈̃𝑖 , 𝜆𝑖 and 𝜈̃𝑠 , 𝜆𝑠 represent the properties of the incident and Raman scattered
photons, respectively. Assuming the wavelengths are known in nanometers, then the
appropriate conversion of

107 nm
1 cm

can be used to get cm-1, the common Raman shift

wavenumber unit. A great advantage of using the Raman shift wavenumber is that it is
independent of excitation source and therefore peaks will always occur at the same position
regardless of the excitation wavelength (Ferraro et al. 2002). Figure 1.4 illustrates a Raman
spectrum for industrial diamond with a characteristic peak position at ~1335 cm-1.
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Figure 1.4: Raman spectrum for industrial diamond with characteristic peak position at ~1335 cm-1.

1.3.2 Typical Instrument Components
Raman spectroscopy systems commonly include the following components. The
excitation source is usually a continuous-wave laser in the near-IR, visible, or near-UV
ranges. The beam is directed with the corresponding optics (e.g. lenses, mirrors, filters,
etc.) to irradiate the sample with the appropriate power. After interacting with the sample,
the scattered light is collected with optics and sent to a prism or diffraction grating to break
the signal down into its corresponding wavelengths. This new signal is sent to a detector
(e.g. a photomultiplier tube or charge-couple device) and the output is displayed on a
computer monitor (Ferraro et al. 2002).

1.3.3 Applications
A convenient feature of Raman spectroscopy is its ability to measure spectra from
many different types of materials including gases, liquids, solutions, crystals, and
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amorphous solids. Another advantage is that it is a non-destructive technique and does not
require special preparation, so the sample can be reanalyzed using different methods after
Raman spectroscopy has been performed. Numerous fields such as physics, materials
science, chemistry, biochemistry, medicine, and pharmacy have found uses for the
technique. Some examples of application in both research and industry include:
determining polymorphs and phase transitions of solids, detecting hazardous materials in
ground water, diagnosing malignant tissues in the human body, and identifying illicit drugs
(Ferraro et al. 2002).

1.4 Scanning Electron Microscopy (SEM)
1.4.1 Theory
Analogous to the photon cases mentioned earlier (Section 1.3.1), electrons
experience scattering events during interactions with a material. When an electron enters a
sample, its trajectory can be altered by the net positive charge associated with an atom
resulting in elastic scattering. A second option is that an incoming electron expels an
electron from the surrounding cloud which gives rise to inelastic scattering
(Goldstein et al. 2018).
If one (or multiple) interactions change the electron’s path by 180°, the electron
exits the sample and is called a backscattered electron (BSE). Since backscattering is an
elastic phenomenon, the energy of the electron is approximately the same before and after
the event (usually on the order of 10 keV). This relatively high energy allows the BSEs to
have a larger escape depth than the inelastically scattered electrons (Fig. 1.5). The
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subsequent signal allows for images to have compositional contrast, as elements with
higher atomic numbers produce more BSEs (Goldstein et al. 2018; Hafner 2015a).

Figure 1.5: Schematic demonstrating the relative escape depths (not to scale) of electrons and characteristic X-rays in a
sample (original image from Hafner 2015).

If the interaction causes an electron to be knocked out of the surrounding cloud, the
expelled electron is called a secondary electron (SE). The incident electron loses a very
small percentage of its initial energy in the interaction and the inelastically scattered SE
has relatively low kinetic energy (on the order of a few eV). This lower energy results in a
shallower escape depth and gives SE images topographical contrast, so the structure of the
sample can be analyzed (Goldstein et al. 2018; Hafner 2015a). Figure 1.6 demonstrates as
SE image of the same industrial diamonds used for the Raman spectroscopy example
(Fig. 1.4).
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Figure 1.6: Secondary electron image of industrial diamonds mounted on a silicon wafer.

1.4.2 Typical Instrument Components
Common components of SEM/EDS systems include the following. The excitation
source is an electron gun which accelerates the beam of electrons toward the sample. The
beam diameter and focus are controlled by an arrangement of electromagnetic lenses to
irradiate the sample. Once the electrons have interacted with the sample, the electron and
X-ray signals are collected by their respective detectors. These signals are then sent to a
computer monitor for viewing (Hafner 2015a).

1.4.3 Applications
Like Raman spectroscopy, SEM is a non-destructive technique. However, it does
require special preparation (a conductive coating) in samples that have low electrical
conductivity. This technique has various applications in both research and industry
including the following (non-exhaustive): semiconductor failure analysis, memory device
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inspection, cell and tissue investigation, and structure examination for many types of
materials (Echlin et al. 1986; Shimizu and Mitani 2010).

1.5 Energy-Dispersive X-ray Spectroscopy (EDS)
1.5.1 Theory
In Section 1.4.1, two types of interactions between an electron beam and a material
were described. If an electron beam ejects a SE from an inner shell, the atom is left in an
excited state (since at room temperature, a majority of atoms in most materials are in the
electronic ground state). Sometimes an electron drops down from a higher shell to fill the
hole left by the SE. This produces an X-ray with energy given by the equation:
𝐸𝑋 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡

(1.3)

where the subscripts “in” and “out” corresponds to the binding energies of the inner and
outer shell electrons, respectively. Since these energy levels are quantized, each element
has its own unique values of 𝐸𝑋 and the corresponding X-rays are called characteristic
X-rays (Goldstein et al. 2018; Hafner 2015b). Figure 1.7 displays an elementary schematic
of the production of characteristic X-rays.

1.5.2 Applications
It is common to find energy-dispersive spectrometers in conjunction with SEMs
and the main use of EDS is to determine the elemental composition of a sample. The
characteristic X-rays produced in a sample can be observed using a detector. Using
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Figure 1.7: Cartoon illustrating the basics of characteristic X-ray production. a) The atom starts in the ground state;
b) an electron beam ejects an inner shell electron; c) an X-ray is produced by an electron transition between the shells.

computer software X-ray spectra can be obtained, the origins of the X-rays can be mapped,
and the percentage by weight of each element can be determined (Hafner 2015b). This
research will use the convention of Goldstein et al. (2018) for major (>10 wt. %), minor
(1-10 wt. %), and trace (<1 wt. %) elements. The X-ray spectrum (Fig. 1.8) and elemental
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maps (Fig. 1.9) from the industrial diamond sample used previously for examples of Raman
spectroscopy and SEM (Sections 1.3.1 and 1.4.1) can be seen below.

Figure 1.8: EDS spectrum for industrial diamond. The x-axis represents the energy of the X-ray (in keV) and y-axis
represents the intensity of the signal (in counts) for a given energy. The vertical line at ~4.5 keV is the selection cursor
from the data analysis software.

Figure 1.9: EDS element maps for industrial diamond (carbon-yellow, silicon-green). Quantitative analysis finds the
sample is almost exclusively composed of carbon (99.26 wt. %). The small amount of silicon comes from the wafer on
which the diamond is mounted.
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2. Experimental Methods
Descriptions of the samples and the analytical methods used for this research are
elaborated upon in the following sections. The main instruments used included: a Raman
spectroscopy system and software and an SEM/EDS system and software. Also, an optical
microscope (Nikon Eclipse ME600L) and software (PixeLINK μScope) were used for
optical inspection of the samples (not described here). Methods used for data acquisition
and analysis are also described.

2.1 Samples
Two meteoritic samples, Moss and Murray, were examined in this research. Both
meteorites are members of the carbonaceous chondrite class but occupy different groups
within that class. No sample preparation was needed since it was not required for Raman
spectroscopy and the samples were conductive enough to not need special coating for the
SEM/EDS.

2.1.1 Moss
The first sample analyzed came from the Moss meteorite (Fig. 2.1). On July 14,
2006 an observed meteorite fall was witnessed both visually and audibly by people near
the Norwegian towns of Moss and Rygge. During the following month, searchers of the
area unveiled five separate finds from this fall. The discoveries consisted of complete
stones, half stones, fragments, and shattered pieces culminating in an approximate mass of
3.76 kg (Connolly et al. 2007). Since its fall, research of Moss has led to its classification
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as a CO3.6 carbonaceous chondrite according to the Chizmadia et al. (2002) scheme
(Section 1.2.2).
The 1.283-g partial slice from Moss was acquired from the online vendor, The
Meteorite Market. The sample was cut on a diamond slab saw with 99% isopropyl alcohol
used as coolant and was not polished in any way (Twelker 2018). It contained a very flat
edge that was advantageous for taking data.

Figure 2.1: Moss CO3.6 meteorite sample used for this research.

2.1.2 Murray
The second sample analyzed came from the Murray meteorite (Fig. 2.2). On
September 20, 1950 a meteorite fall was seen and heard by people in the states of Illinois
and Kentucky. Many pieces from this fall were recovered to the east of Murray, Kentucky
by local residents and a search team from Vanderbilt University through October of that
same year (Horan 1953). Analysis of Murray has let to its classification as a CM2
carbonaceous chondrite (McSween 1979).
The 3.366-g fragmented piece from Murray was acquired from a colleague in the
Department of Physics and Astronomy at Minnesota State University, Mankato. While
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there is no explicit sign of polishing, it does contain a smooth surface from which data was
taken. This flat surface allowed for quality measurements to be made from both the Raman
system and the SEM/EDS.

Figure 2.2: Murray CM2 meteorite sample used for this research.

2.1.3 Selected Inclusions
Inclusions in the samples were chosen based on their optical and electron imaging
potential. Many inclusions in both Moss and Murray were initially chosen, arbitrarily
numbered starting at one, and then viewed with both the Raman probe video camera
(Section 2.2.1) and the SEM. After inspecting the images, the most distinct inclusions (five
from Moss and six from Murray) were selected for further analysis (Fig. 2.3). Once these
inclusions were identified, six spots from each inclusion were designated for taking data –
three from inside the inclusion and three from the surrounding matrix. Spots were selected
to cover as many different qualitative features (e.g. color, structure, etc.) as possible.
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Specific locations of the spots from each chondrule can be found from the figures in
Sections 3.2.2 and 3.3.2.

Figure 2.3: Samples with inclusions used for taking data marked with yellow circles. a) Moss CO3.6 b) Murray CM2.

2.2 Raman Spectroscopy
2.2.1 Experimental Setup and Procedure
The Raman spectroscopy system (Fig. 2.4) used for this research was custom built
by Dr. Analía Dall’Asén (Department of Physics and Astronomy) and included the
following main components: a solid-state laser (Coherent Sapphire SF 532 nm), a Raman
probe equipped with a video camera, filters, mirrors, lenses, and microscope objective
(Renishaw RP20V), a spectrograph (Andor SR-303i-A) with a CCD detector (Andor iDus
DU401A-BVF), and a data acquisition computer workstation with spectrometer software
(Andor Solis S). Auxiliary components of the system included optics, filters, stages, and
power meters from either Semrock or Thorlabs.
Measurements were taken at room temperature and with a laser power at the sample
of approximately 5 mW. After being redirected by the appropriate optics, the laser light
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Figure 2.4: Laboratory setup for taking Raman spectroscopy data.

was transmitted through the Raman probe which consisted of a 10X objective lens with a
numerical aperture of 0.25. The Raman probe camera was used to find the regions of
interest and to make sure the laser spot was positioned at the appropriate locations. The
beam was focused onto the sample and the scattered signal was collected by the same 10X
lens (backscattering configuration). The Rayleigh scattering was filtered out and the
Raman signal was directed to the spectrograph and charge-coupled device (CCD). After
sorting this signal into its respective frequencies, the data was sent to the computer
workstation to be compiled with the help of software (Fig. 2.5). Both high(1200 lines/mm) and low-resolution (600 lines/mm) spectra were taken. The accumulation
time was set for one second and five to one hundred accumulations were taken depending
on the resolution and signal-to-noise ratio.
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Figure 2.5: Schematic diagram of the Raman spectroscopy system.

If the power density of the laser at the sample surface was too high, then the heat
produced could alter the sample. Dall’Asén et al. (2017a) and references therein give a
relatively safe threshold for the power density value up to approximately 1300 W/mm2. To
find the minimum theoretical beam width 𝑤, the following equation can be used:
𝑤=

1.22𝜆
NA

(3.1)

where 𝜆 is the excitation wavelength and NA is the numerical aperture of the objective lens.
Using the values given in the previous paragraph, the minimum beam width 𝑤 of this
system is ~2.60*10-3 mm. The following trivial equation can be used to find the power
density 𝜎 (power per unit area) of the laser spot on the sample:
𝜎=

𝑃
𝑃
4𝑃
= 2=
𝐴 𝜋𝑟
𝜋𝑤 2

(3.2)

23
where 𝑃 is the laser power, 𝐴 is the cross-sectional area of the beam at the sample, and 𝑟
is the radius of the beam at the sample. Plugging in the values from before gives a power
density 𝜎 of ~940 W/mm2. Imperfections in the system would cause the beam diameter to
be larger than the theoretical value, with estimates from 3 to 5 μm. This would cause the
power density to drop, with values ranging from ~700 to ~250 W/mm 2, respectively. In
any case, all of these values fall below the upper threshold given before.

2.2.2 Data Acquisition and Analysis
Once at the computer, the Solis S software was used to obtain spectra of the Raman
shift (Stokes) wavenumbers. These spectra were then analyzed using the commercial
software package, OriginPro 2017. The built-in “Gauss” fit was used which is an area
version of the Gaussian function and is described by the following equation:
𝑦 = 𝑦0 +

𝐴
𝜋
𝑤√
2

𝑒

−2

(𝑥−𝑥𝑐 )2
𝑤2

(3.3)

where 𝑦0 is the offset, 𝑤 is the peak width, 𝑥𝑐 is the center position of the peak, and 𝐴 is
the area under the curve. The width is related to the more familiar quantities of standard
deviation (σ) and full width at half maximum (FWHM) by:
𝑤 = 2𝜎 =

𝐹𝑊𝐻𝑀
√2 ln(2)

(3.4)
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Figure 2.6 displays a Gaussian distribution from the OriginPro 2017 software package
consisting all of the parameters given in Equations 3.3 and 3.4.

Figure 2.6: Plot of a typical Gaussian distribution.

2.2.3 Mineral Identification
After the Raman shift wavenumbers were determined for the spectra, the peak
positions were compared to literature and online databases to determine what mineral was
present. The primary database used was the RRUFF Project (rruff.info) maintained by the
Department of Geosciences at the University of Arizona.

2.3 SEM/EDS
2.3.1 Experimental Setup and Procedure
The SEM/EDS system (Fig. 2.7) used for this research was housed in the
Department of Biological Sciences and consisted of the following self-contained
instruments: a scanning electron microscope (JEOL JSM-6510LV), an energy-dispersive
X-ray spectroscopy detector (Thermo Scientific UltraDry), and a data acquisition computer
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workstation with SEM (JEOL SEM Control User Interface 2.23) and EDS (Thermo Fisher
Scientific Noran System Six (NSS) 3.0) software.

Figure 2.7: Laboratory setup for taking SEM/EDS data.

The SEM images were obtained by the collection of secondary electrons using an
Everhart-Thornley detector. Secondary electrons were chosen due to their high
topographical resolution and because there was not a need for the elemental contrast of
backscattered electrons since EDS detection was used for elemental composition.
Measurements were taken at room temperature and under vacuum of approximately 10 Pa.
The electron beam was energized using a potential of 15 kV and focused on the sample at
a working distance between 9 and 11 mm. The spot size parameter controlled a
combination of the electron-probe diameter and the illumination current with values
ranging from 99 (large diameter and current) to 1 (small diameter and current) – for this
work it was set to 50. Whole inclusions were imaged with magnifications from 50X to
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100X while individual spots were imaged with magnifications between 100X and 7000X
depending on the structure being analyzed.

2.3.2 Data Acquisition and Analysis
Once quality SEM images were acquired, software was used to obtain elemental
maps and X-ray spectra from the inclusions. The NSS software had peak identification
techniques pre-programmed into the system so manual fitting was not needed. After the
characteristic X-rays were detected, the software quantitatively tabulated the results with
each element present classified by its percentage by weight.
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3. Results and Data Analysis
In this chapter, the results of Raman spectroscopy and SEM/EDS are highlighted
for both Moss and Murray. Raman results are represented with characteristic spectra, SEM
results are displayed as images, and EDS results are shown with both element maps and
tables containing element percentages by weight (wt. %) ranges.

3.1 Moss
3.1.1 Raman Spectroscopy
Figure 3.1 shows representative spectra obtained from various inclusions and spots
in the Moss sample. Only high-resolution data are shown in this work as they gave clearer
results, e.g. determination of doublet wavenumbers. For each spectrum, the main mineral
is highlighted by the peaks that are labelled, with no labels on peaks coming from other
minerals. Unless otherwise stated, peak identification and vibrational mode information
can be found in Dall’Asén et al. (2017a, 2017b) and references therein.
The first spectrum (Fig. 3.1a) exhibits graphitic carbon peaks at ~1344 and
1602 cm-1, which are termed D- and G-bands, respectively. The D-band results from
defects in the crystal structure while the G-band comes from the stretching of C-C bonds.
Magnesium-rich olivine, also known as forsterite (Mg2SiO4), is shown by the doublet with
peaks of ~827 and 859 cm-1 (Fig. 3.1b). Here, the symmetric and antisymmetric stretching
modes from Si-O bonds give rise to the identifying peaks. Enstatite (MgSiO3), which is a
form of Mg-rich pyroxene, is revealed with peaks at ~239, 334, 401, 663/684, and
1014/1035 cm-1 (Fig. 3.1c). The peaks are produced by the symmetrical stretching of both
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the Si-O and Si-O-Si bonds. The last spectrum (Fig. 3.1d) displays peaks at ~223, 293, 403,
490, and 591 cm-1 for hematite (Fe2O3) and ~672 cm-1 for magnetite (Fe3O4). Hematite
peaks come from Fe-O transverse optical modes while the magnetite peak originates from
the symmetric stretching of the oxygen atoms in the Fe-O bonds (Lin et al. 2014). The
usual ~1284 cm-1 peak of hematite is hidden due to the graphitic carbon also in the vicinity.

Figure 3.1: Representative Raman spectra of minerals found in Moss – only peaks corresponding to the respective
mineral are labelled. a) Graphitic carbon from inclusion 7 spot 6; also a weak olivine signal. b) Forsterite (Mg-rich
olivine) from inclusion 6 spot 2; also smaller, secondary olivine signals. c) Enstatite (Mg-rich pyroxene) from inclusion
11 spot 3; also graphitic carbon and weak olivine signals. d) Hematite (black numbers) and magnetite (red number)
from inclusion 6 spot 4; also, a graphitic carbon signal which hides the ~1284 cm-1 peak from hematite.
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The three inclusions studied with Raman spectroscopy in Moss contained graphitic
carbon, forsterite, and enstatite inside the boundaries of the inclusions. The same minerals
were found in the surrounding matrix of the inclusions along with the addition of hematite
and magnetite.

3.1.2 SEM and EDS
Figures 3.2, 3.7, 3.11, 3.17, and 3.21 display SEM images and EDS maps of the
well-defined inclusions and their respective matrix from the Moss sample. The secondary
electron images show distinct boundaries between the inclusions and matrix (cracks, rims,
or black-white contrast). These images also exhibit the different topography within the
inclusions and throughout the matrix (i.e. the different shades of white and grey inside
inclusion 6). Each of the figures also indicates the location of the spots used for taking
higher resolution data and are marked with yellow numbers. The selected higher resolution
SEM images and EDS maps (Figs. 3.3-3.6, 3.8-3.10, 3.12-3.16, 3.18-3.20, and 3.22-3.24)
show interesting morphologies on scales of microns and tens of microns. In general, these
unique structures also included distinct configurations or combinations of elements.
Overall, some correlations were commonly found throughout the inclusions and
matrix. Inside the inclusions there was a higher relative concentration of Mg, Si, and O
than in the matrix. Iron-sulfur surrounded the inclusions (either as rims, in veins, or in the
matrix; Figs. 3.2, 3.7, 3.10, 3.11, and 3.21) and occasionally there were some clusters of
Fe-Ni (Figs. 3.6, 3.12, 3.14, and 3.18). Iron was more prominent in the matrix than in the
inclusions and where Fe was present, Mg and Si were absent. Occasionally, patches of
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Al-Ca and/or Al-Ca-Na were found in both the inclusions and the matrix (Figs. 3.3, 3.10,
3.16, and 3.18). Carbon was generally found in small areas scattered throughout the
meteorite. Upon further investigation at higher resolutions, C was mainly in the form of
smooth structures up to about 10 to 20 microns in size (Figs. 3.5, 3.8, 3.9, 3.10, 3.15, 3.16,
3.19, 3.20, 3.23, and 3.24).

Figure 3.2: SEM image and EDS maps of inclusion 6 and surrounding matrix in Moss at 70X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si and
Fe-S (note the patches throughout the inclusion) as well as some patches of Al.

Table 3.1 gives the percentage by weight ranges retrieved from the data of whole
inclusion views in Moss (Figs. 3.2, 3.7, 3.11, 3.17, and 3.21) and the bulk mean
composition for CO chondrites from Hutchison (2004). Even with the differing inclusion
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sizes and magnifications used for imaging, the relative abundance of elements kept the
same order. The major elements were O, Fe, Si, and Mg; the minor elements were C, Ca,
Ni, S, and Al; and the trace elements were Na and Cr.
Moss CO3.6 Meteorite
Si
Mg
C
Ca

Element (wt. %)

O

Fe

This Study

32.034.5

23.030.0

15.017.5

13.014.0

2.03.0

Hutchison 2004

36.5

24.8

15.9

14.5

0.5

Ni

S

Al

Na

Cr

2.03.0

1.02.0

1.02.0

1.02.0

0.51.0

0.51.0

1.6

1.4

2.0

1.4

0.4

0.4

Table 3.1: Element wt. % range for whole inclusions and surrounding matrix in Moss obtained in this study and the
bulk mean composition for CO chondrites reported in Hutchison 2004.

Figure 3.3: SEM image and EDS maps of spot 2 of inclusion 6 (marked in Fig. 3.2) in Moss at 430X magnification.
EDS maps show correlations between Mg-Si-O, Al-Ca-Na, and Fe-S.
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Figure 3.4: SEM image and EDS maps of spot 3 of inclusion 6 (marked in Fig. 3.2) in Moss at 1600X magnification.
EDS maps show correlations between Mg-Si-O and Fe-S as well as patches of C, Na, and Ca.

Figure 3.5: SEM image and EDS map of spot 3 of inclusion 6 (marked in Fig. 3.2) in Moss at 5000X magnification.
SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map.

33

Figure 3.6: SEM image and EDS maps of spot 5 of inclusion 6 (marked in Fig. 3.2) in Moss at 300X magnification.
EDS maps show a correlation between Fe-Ni.

Figure 3.7: SEM image and EDS maps of inclusion 7 and surrounding matrix in Moss at 100X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si and
Fe-S (note the patches/half-rim on the upper right of the inclusion) as well as some patches of Al.
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Figure 3.8: SEM image represents spot 2 of inclusion 7 (marked in Fig. 3.7) in Moss at 3000X magnification. EDS
maps show correlations between Mg-Si-O-Ca and Fe-S-O, a patch of Ni, and a smooth, ~10 μm sized structure of C.

Figure 3.9: SEM image and EDS map of spot 3 of inclusion 7 (marked in Fig. 3.7) in Moss at 2700X magnification.
SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map.
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Figure 3.10: SEM image and EDS maps of spot 6 of inclusion 7 (marked in Fig. 3.7) in Moss at 2000X magnification.
SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map. EDS maps also show
correlations between Mg-Si-O, Al-Ca-Na, and Fe-S (note the vein running through the middle of the inclusion).
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Figure 3.11: SEM image and EDS maps of inclusion 11 and surrounding matrix in Moss at 90X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si, Al-Ca,
and Fe-S (note the rim surrounding the inclusion).
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Figure 3.12: SEM image and EDS maps of spot 4 of inclusion 11 (marked in Fig. 3.11) in Moss at 1200X
magnification. EDS maps show correlations between Mg-Si-O, Fe-S, and Fe-Ni as well as patches of Al and Ca.

Figure 3.13: SEM image and EDS map of spot 4 of inclusion 11 (marked in Fig. 3.11) in Moss at 7000X magnification.
EDS map shows a few Cr patches of approximately micron size.
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Figure 3.14: SEM image and EDS maps of spot 5 of inclusion 11 (marked in Fig. 3.11) in Moss at 2000X
magnification. EDS maps show correlations between Mg-Si, Ca-Si, Fe-S, and Fe-Ni.

Figure 3.15: SEM image and EDS map of spot 6 of inclusion 11 (marked in Fig. 3.11) in Moss at 2500X magnification.
SEM image shows two smooth, ~10 μm sized structures corresponding to C in the EDS map.
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Figure 3.16: SEM image and EDS maps of spot 6 of inclusion 11 (marked in Fig. 3.11) in Moss at 4300X
magnification. SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map. EDS maps
also show a correlation between Al-Ca.

Figure 3.17: SEM image and EDS maps of inclusion 12 and surrounding matrix in Moss at 60X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show a correlation between Mg-Si.
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Figure 3.18: SEM image and EDS maps of 1 of inclusion 12 (marked in Fig. 3.17) in Moss at 2500X magnification.
EDS maps show correlations between Al-Ca and Fe-Ni as well as patches of S.

Figure 3.19: SEM image and EDS map of spot 4 of inclusion 12 (marked in Fig. 3.17) in Moss at 2200X magnification.
SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map.

Figure 3.20: SEM image and EDS map of spot 5 of inclusion 12 (marked in Fig. 3.17) in Moss at 2000X magnification.
SEM image shows two smooth, ~10 μm sized structures corresponding to C in the EDS map.
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Figure 3.21: SEM image and EDS maps of inclusion 13 and surrounding matrix in Moss at 50X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si and
Fe-S as well as patches of Al.

Figure 3.22: SEM image and EDS map of spot 4 of inclusion 13 (marked in Fig. 3.21) in Moss at 430X magnification.
EDS map shows patches of C.
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Figure 3.23: SEM image and EDS map of spot 5 of inclusion 13 (marked in Fig. 3.21) in Moss at 2300X magnification.
SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map.

Figure 3.24: SEM image and EDS map of spot 6 of inclusion 13 (marked in Fig. 3.21) in Moss at 1700X magnification.
SEM image shows a smooth, ~20 μm sized structure corresponding to C in the EDS map.

3.2 Murray
3.2.1 Raman Spectroscopy
Figure 3.25 shows examples of some high-resolution spectra acquired from various
inclusions and spots in the Murray sample. The peak labelling procedures and the sources
used for mineral identification are the same as those used for the Moss sample
(Section 3.1.1). As in Moss, graphitic carbon, Mg-rich olivine (forsterite), and Mg-rich
pyroxene (enstatite) were found in Murray. In addition, other spectra were obtained
corresponding to minerals that have not been identified yet. Figure 3.25d shows a spectrum
of one of them displaying peaks at ~444 and 621 cm-1, a second unknown mineral (or a
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Figure 3.25: Representative Raman spectra of minerals found in Murray – only peaks corresponding to the respective
mineral are labelled. a) Graphitic carbon from inclusion 6 spot 6. b) Forsterite (Mg-rich olivine) from inclusion 6
spot 1; also smaller, secondary olivine signals. c) Enstatite (Mg-rich pyroxene) from inclusion 2 spot 5. d) Unknown
mineral from chondule 2 spot 6. e) Unknown mineral from inclusion 2 spot 3; also a graphitic carbon signal.
f) Unknown mineral from distinct orange spot located in the matrix between inclusions 4 and 5.
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combination of minerals) has peaks at ~330, 442, 566, and 701 cm-1 (Fig. 3.25e), and a
third unknown mineral (or combination of minerals) has peaks at ~305, 393, 498, 580, and
711 cm-1 (Fig. 3.25f).
The six inclusions studied with Raman spectroscopy in Murray contained almost
exclusively forsterite inside the boundaries of the inclusions along with minimal enstatite
and a minimum of two unidentified minerals. In the matrix, primarily graphitic carbon was
found along with one or more unidentified mineral(s).

3.2.2 SEM and EDS
Figures 3.26, 3.28, 3.31, 3.32, 3.36, and 3.37 show SEM images and EDS maps of
the well-defined inclusions and their respective matrix from the Murray sample. The
secondary electron images show distinct borders (seen as different textures) between the

Figure 3.26: SEM image and EDS maps of inclusion 1 and surrounding matrix in Murray at 130X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show a correlation between Mg-Si.

45
inclusions and matrix. These images also exhibit the different topography within the
inclusions and throughout the matrix (e.g. the white spots that define inclusion 5 shown in
Fig. 3.36). Each of the figures also indicates the location of the spots used for taking higher
resolution data and are marked with yellow numbers. The selected higher resolution SEM
images and EDS maps (Figs. 3.27, 3.29, 3.30, 3.33-3.35, 3.38, and 3.39) display diverse
structures that range in size from microns to tens of microns. In general, these
morphologies also included distinct arrangements or combinations of elements.

Figure 3.27: SEM image and EDS maps of spot 3 of inclusion 1 (marked in Fig. 3.26) in Murray at 1700X
magnification. EDS maps show correlations between Mg-Si-O, Al-Ca, and Fe-S-Ni.
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Overall, some connections were commonly found throughout the inclusions and
matrix. Inside the inclusions there was a higher relative concentration of Mg-Si-O and in
the matrix there was more Fe. Similar to Moss, where Fe-S or Fe-Ni were present both Mg
and Si were absent (Figs. 3.27. 3.28, 3.31, 3.33, 3.36, and 3.37). Patches of Al-Ca and/or

Figure 3.28: SEM image and EDS maps of inclusion 2 and surrounding matrix in Murray at 50X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show a correlation between Mg-Si, Fe-S
(note the chondrule-like center), and Fe-Ni as well as patches of C and Al.
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Al-Ca-Na were found in both the inclusions and the matrix (not shown here). In a few
cases, Cr was found usually accompanied by Al, and this included an absence of Mg and
Si (Figs. 3.33 and 3.34). Carbon was generally found in small areas scattered throughout
the meteorite. Upon further investigation at higher resolutions, C was mainly in the form
of smooth structures of about 10 to 20 microns in size (Figs. 3.29 and 3.35).

Figure 3.29: SEM image and EDS map of spot 6 of inclusion 2 (marked in Fig. 3.28) in Murray at 2300X
magnification. SEM image shows a smooth, ~10 μm sized structure corresponding to C in the EDS map.

Figure 3.30: SEM image and EDS map of spot 9 of inclusion 2 (marked in Fig. 3.28) in Murray at 300X magnification.
EDS map shows patches of C.
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Figure 3.31: SEM image and EDS maps of inclusion 3 and surrounding matrix in Murray at 75X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show a correlation between Mg-Si and
Fe-S as well as patches of Al and Ca.
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Figure 3.32: SEM image and EDS maps of inclusion 4 and surrounding matrix in Murray at 120X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show a correlation between Mg-Si.

Figure 3.33: SEM image and EDS maps of spot 1 of inclusion 4 (marked in Fig. 3.32) in Murray at 800X
magnification. EDS maps show correlations between Mg-Si and Al-Cr as well as patches of S.
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Figure 3.34: SEM image and EDS maps of spot 2 of inclusion 4 (marked in Fig. 3.32) in Murray at 3700X
magnification. EDS maps show correlations between Mg-Si and Al-Cr.

Figure 3.35: SEM image and EDS map of spot 6 of inclusion 4 (marked in Fig. 3.32) in Murray at 2700X
magnification. SEM image shows a smooth, ~20 μm sized structure corresponding to C in the EDS map.

Table 3.2 gives the percentage by weight ranges retrieved from the data of whole
inclusion views in Murray (Figs. 3.26, 3.28, 3.31, 3.32, 3.36, and 3.37) and the bulk mean
composition for CM chondrites from Hutchison (2004). Even with the differing inclusion
sizes and magnifications used for imaging, the relative abundance of elements kept the
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same order. The major elements were O, Fe, Si, and Mg; the minor elements were C, S,
Ni, and Ca; and the trace elements were Al, Na, and Cr.
Murray CM2 Meteorite
Si
Mg
C
S

Element (wt. %)

O

Fe

This Study

34.038.0

23.530.5

11.513.0

9.013.0

4.56.5

Hutchison 2004

32.0

21.0

12.9

11.7

2.2

Ni

Ca

Al

Na

Cr

3.04.5

1.52.5

1.01.5

0.51.0

0.51.0

0.51.0

3.3

1.2

1.3

1.2

0.4

0.3

Table 3.2: Element wt. % range for whole inclusions and surrounding matrix in Murray obtained in this study and the
bulk mean composition for CM chondrites reported in Hutchison 2004.

Figure 3.36: SEM image and EDS maps of inclusion 5 and surrounding matrix in Murray at 65X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si and
Fe-S as well as a higher relative concentration of C in the matrix.
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Figure 3.37: SEM image and EDS maps of inclusion 6 and surrounding matrix in Murray at 100X magnification. SEM
image shows the topography of the well-defined inclusion and adjacent matrix. Yellow numbers in the SEM image
indicate the locations of spots used for higher magnification data. EDS maps show correlations between Mg-Si and
Fe-S-Ni.

Figure 3.38: SEM image and EDS map of spot 2 of inclusion 6 (marked in Fig. 3.37) in Murray at 370X magnification.
EDS map shows patches of C.
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Figure 3.39: SEM image and EDS maps of spot 6 of inclusion 6 (marked in Fig. 3.37) in Murray at 250X
magnification. EDS maps show a correlation between Fe-S-Ni as well as patches of C.
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4. Discussion
4.1 Comparisons within Chondrites
In Moss, inclusions 6, 7, 11, and 12 (Figs. 2.3a, 3.2, 3.7, 3.11, and 3.17) looked
similar to each other under both the optical microscope/Raman probe camera as well as
under the SEM. Optically, these inclusions were a combination of dark grey and brown,
with shiny specks scattered throughout. Inclusions 6, 7, and 11 also contained rims, veins,
or fragments of Fe-S (Figs. 3.2-3.4, 3.7, 3.10, and 3.11). Inclusion 13 (Fig. 3.21) looked
different under the two instruments when compared to inclusions 6, 7, 11, and 12.
Optically, this inclusion was mostly white. All five inclusions displayed Raman spectra of
forsterite and/or enstatite as well as higher relative concentrations of Mg-Si-O inside of
their boundaries. The EDS, Raman, and optical data confirm that all five inclusions are
chondrules. The elemental composition of Moss (Table 3.1) is in good agreement with the
literature for CO chondrites; the range of values for most elements in this work envelop
the mean bulk chemical composition or differ by less than ~10% (Hutchison 2004).
In Murray, inclusions 1, 3, 4, and 6 (Figs. 2.3b, 3.26, 3.31, 3.32, and 3.37) appeared
similar to each other under both optical inspection and the electron microscope. These
inclusions looked to be green crystals (Fig. 4.1), the Raman spectra showed very intense
olivine peaks (specifically forsterite), and the EDS maps showed higher relative
concentrations of Mg-Si-O inside the boundaries of the inclusions. These data lead to the
conclusion that inclusions 1, 3, 4, and 6 are olivine crystals. Inclusions 2 and 5 (Figs. 3.28
and 3.36) were representative of many other inclusions (not studied here) throughout the
sample, and seemed to be composed of many, smaller, white inclusions. The main
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difference was that inclusion 2 contained a circular Fe-S center. These smaller white
inclusions had higher relative Mg-Si-O concentrations than the surrounding matrix, and
the Raman spectroscopy data indicated the presence of forsterite. This optical,
mineralogical, and elemental data leads inclusions 2 and 5 to be classified as chondrules.
Murray also contained the Raman spectra of at least three unknown minerals (Figs. 3.25d,
3.25e, and 3.25f). Other articles and the RRUFF database were investigated while
considering the elements present from EDS, but no consensus can currently be made.
Comparing with another work considering Raman spectra (Hanesch 2009), the minerals in
Figure 3.25 e) and f) could be an iron-oxide, an iron-hydroxide, or some type of
intermediate transformation of these. Overall, the elemental composition of Murray
(Table 3.2) is also in good agreement with CM chondrites as seen in the literature and most
values fall within the same thresholds as given for Moss (Hutchison 2004).

Figure 4.1: Representative micrograph of the olivine crystals found in Murray (inclusion 3). The green laser spot used
for Raman spectroscopy data can be seen along with an internal reflection.

It is not clear yet how the aforementioned minerals were formed in the inclusions
or matrix. For instance, several explanations about the formation of the forsterite crystals
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are discussed in the literature. They may have been formed by disaggregation of
chondrules, or by condensation from the solar nebula being a significant constituent of
chondrule precursor material (Scott and Krot 2007 and references therein). The relatively
large size of the crystals (Fig. 4.1) would imply slow cooling rates during initial formation
(Hutchison 2004; Sears 2005).

4.2 Comparisons between Chondrites
Moss and Murray did display a number of similarities. The minerals of forsterite
and enstatite were the dominant Raman signals for olivine and pyroxene, respectively.
Graphitic carbon Raman signals were present in both samples as well. Both chondrites
contained the same major elements (O, Fe, Mg, Si), mostly the same minor elements (C,
S, Ni, Ca), and mostly the same trace elements (Na, Cr). Only Al varied between the two
and this was only by ~1 wt. %. In each sample, when Fe-S or Fe-Ni were together there
was a lack of Mg-Si-O, and vice versa. Also, the C spots in both appear to be smooth and
did not display any particular structure from common carbon allotropes (e.g. carbon
nanotubes, fullerenes, nanodiamonds). This is consistent with the Raman signals of
graphitic carbon with defective or incomplete structures. Opportunity for further study
could include investigating if other C structures with undetected Raman signals could be
present in the studied or in other regions using higher resolution SEM imaging since they
have been observed in other meteoritic samples (Abdu et al. 2018; Fries and Steele 2008).
Finally, both samples contained patches that consisted of some combination of Al-Ca-Na
throughout both the inclusions and matrix.
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Inclusions followed the typical definition of chondrules (Section 1.2.3) in Moss while
Murray contained both crystals and chondrules. The chondrules of Moss were composed
of three different minerals (Section 3.1.1) and Murray’s chondrules and crystals contained
primarily forsterite (Section 3.2.1). Graphitic carbon was found almost exclusively in
matrix throughout Murray (Section 3.2.1) while five different minerals were found in the
matrix of Moss (Section 3.1.1). These minerals and their locations can be seen in Table 4.1.
Graphitic carbon in Moss had well-defined D- and G-bands while Murray’s bands
presented a much lower signal-to-noise ratio along with a high fluorescence background.
This carbon band variation can be the result of differing types and degrees of alteration in
each of the samples – the more ordered the structure is, the more well-defined the bands
will be (Bonal et al. 2016; Busemann et al. 2007; Homma et al. 2015). While both samples
contained Fe-S, in Moss it appeared shiny and bronze colored under the optical microscope
while in Murray it was dark grey and dull. This could be due to differing relative amounts
of Fe and S or the presence of other elements, such as O, Cr, and/or Ni.
Mineral
Graphitic Carbon Forsterite Enstatite Hematite Magnetite Unidentified
Inclusions
P
P
P
Moss
Matrix
P
P
P
P
P
Inclusions
P
P
P
Murray
Matrix
P
P

Sample

Location

Table 4.1: Mineral comparisons of the inclusions and matrix in both the Moss and Murray samples.

4.3 Iron-Sulfur Relations
In both Moss and Murray there were pieces, veins, rims, and whole areas of Fe-S
present. Troilite (FeS) was the first possibility since it is a common mineral found in
meteorites (Hutchison 2004; McSween, Jr. and Huss 2010; Rubin and Varela 2018;
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Sears 2005). To test this, the point-and-shoot feature on the SEM/EDS was utilized while
considering the Fe:S stoichiometric ratios for troilite and other Fe-S minerals, such as
pyrite (FeS2) and pyrrhotite (Fe0.8-1.0S): 1, 0.5, and ~0.875, respectively (Losh 2018). The
data gave inconclusive results. The mean iron-to-sulfur ratio in Moss was ~1.70 (with the
lowest individual value being 1.54) and in Murray the mean ratio was ~2.70 (with the
lowest single value of 2.01). Patches of almost pure iron were found while performing the
point-and-shoot measurements indicating the presence of elemental iron-metal or other
minerals that contain Fe. In addition, Raman spectroscopy data from areas containing Fe-S
were inconclusive due to very poor signals.
The formation of these rims, veins, and fragments is still not fully understood.
Calculations predict that Fe-S should combine in nebular reactions to form troilite but this
was probably not preserved in original form due to later thermal alteration (McSween, Jr.
and Huss 2010). One explanation compares these rims to the fusion crust found on
meteorites. The parent chondrite may have entered a large body’s atmosphere and this
allowed for combination of Fe-S, Fe-Ni, or just the accretion of Fe around the chondrule.
A second possibility is that chondrules were originally free-floating in the solar nebula.
The rim materials were originally nebular dust that stuck on to the chondrules. Another
option is that the rims accreted to the chondrule while it was cooling, so both formations
were contemporary (Sears 2005 and references therein).
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4.4 Carbon Peak Parameters and Peak Metamorphic Temperature (PMT)
The peak metamorphic temperature (PMT) on the parent body of the meteorite can
give information about the formation environment and ensuing alteration. One way to
determine the PMT of a sample is to use Raman thermometry of the carbon bands in a
sample. Multiple authors (Aoya et al. 2010; Beyssac et al. 2002; Busemann et al. 2007;
Homma et al. 2015; Kouketsu et al. 2013; Rahl et al. 2005) have modelled PMTs as
functions of the full width at half maximum (FWHM – symbolized here as Γ) of the
D-bands. The Γ of the D-bands (ΓD) correlate to petrologic type and metamorphism better
than the Γ of the G-bands (Bonal et al. 2016; Busemann et al. 2007). Data can be taken
from many points inside of the sample (from inclusions and the matrix) and averaged to
give one Γ value for the entire meteorite. These models could be applied in this research to
Moss but not to Murray due to the poor graphitic carbon signals in Murray. This is because
Murray is a relatively unweathered, pristine CM2 sample (Busemann et al. 2007).
After applying the different models (see respective author’s works cited here for
parameter determination) the methods of Busemann et al. (2007) and Homma et al. (2015)
gave values that best matched the current literature about PMTs experienced by the parent
bodies (Section 1.2.2). Using the Busemann procedure, a ΓD value of (68 ± 8) cm-1 is
obtained which is agreement with the other CO chondrites and meteorites of similar
petrologic type. The Busemann model for PMT is given by the equation:
𝑃𝑀𝑇(°C) = 931 − (5.10 ∗ 𝛤𝐷 ∗ cm) + [0.0091 ∗ (𝛤𝐷 ∗ cm)2 ]

(4.1)

and using the ΓD from above gave a PMT value of (630 ± 20)°C, which is a bit higher than
the uppermost accepted temperature for petrologic type 3 (Section 1.2.2). Using the
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Homma procedure, a ΓD value of (75 ± 3) cm-1 was obtained, which is in agreement with
the other CO chondrites and meteorites of similar petrologic type. The Homma model for
PMT is given by the equation:
𝑃𝑀𝑇(°C) = −6.9 ∗ 𝛤𝐷 (cm−1 ) + 1054.4

(4.2)

and using the corresponding ΓD gave a temperature of (540 ± 20)°C which is in good
agreement with the accepted range for petrologic type 3.6 chondrites (Huss et al. 2006;
Hutchison 2004; McSween, Jr. and Huss 2010; Norton and Chitwood 2008; Scott 2007).
These high, type 3 PMTs acquired correspond to more graphitization (better
graphitic structure and therefore higher signal-to-noise ratios, Huck et al. 2003) and more
thermal metamorphism in the parent body (Beyssac et al. 2002; Bonal et al. 2016;
Busemann et al. 2007; Homma et al. 2015).

61

5. Conclusions
In this work, two carbonaceous chondritic fragments, Moss and Murray, were
studied with the objective of determining their compositions in detail; thus to contribute
more information about these meteorites and add to previous works.
Raman spectroscopy and SEM/EDS provided beneficial means to characterize the
mineralogical, topographic, and elemental compositions of the meteoritic samples.
Raman spectroscopy indicated in Moss the presence of graphitic carbon, forsterite
(Mg-rich olivine), and enstatite (Mg-rich pyroxene) in the chondrules; Raman data from
Murray included at least two unknown minerals in the chondrules while only forsterite
was found in the crystal inclusions. The matrix of Moss contained graphitic carbon,
forsterite, enstatite, hematite, and magnetite while in Murray’s matrix, graphitic carbon,
enstatite, and an unknown mineral or combination of minerals were present. The SEM
micrographs displayed well-defined chondrules in Moss along with both olivine crystals
and chondrules in Murray. The EDS maps presented correlations between Mg-Si-O
inside of the inclusions (both for chondrules and crystals) and higher relative amounts of
Fe in the surrounding matrix for both samples. Iron-sulfur combinations were found as
rims and veins near the chondrules in Moss and as a chondrule-like fragment in Murray;
however, it is inconclusive as to which Fe-S mineral(s) are contained in either sample.
These results demonstrate an agreement between the minerals obtained from
Raman spectroscopy and the elements found using EDS. The data acquired from both of
these techniques are consistent with the current literature for CO3.6 and CM2 chondrites.
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The D-band fitting in Moss showed carbon structures with relatively high
graphitization. This would imply the parent body of Moss experienced some type of
secondary process, i.e. thermal metamorphism. The PMT models applied showed that
the Moss sample experienced relatively high temperatures (~540° to 630°C) on its parent
body when compared to other petrologic type 3 chondrites (~350° to 600°C). Due to the
high fluorescence and low signal-to-noise ratio in Murray, the degree of graphitization is
relatively low. This is in agreement with other petrologic type 2 meteorites, as they have
experienced relatively little thermal metamorphism.
Even though several implications have been discussed in the literature about the
formation of these structures (such as those ones mentioned for the formation of forsterite
crystals and Fe-S rims in Sections 4.1 and 4.3, respectively), more studies will need to
be performed to unravel the mysteries surrounding the formation of these relics.
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